A general method of automated multidimensional fractionation has been developed. Its basic ingredients are: (a) cascade fractionation, i.e., the sequential fractionation of components obtained from each chromatographic dimension on the same or a different dimension, (b) on-line acquisition and processing of data at each stage in the fractionation procedure, (c) a method for determining the beginning and end of each peak during column elution, and (d) automatic linkage of the successive stages in a chemical fractionation scheme based on information obtained before or during each stage. Apparatus for automatic cascade chromatography and conditional fractionation is described. The method can be extended to provide completely automatic separation of pure components from complex mixtures.
The isolation of chemical components from complex mixtures usually proceeds by applying a succession of different fractionation methods until the desired components meet one or more criteria of purity. These criteria may be based upon a variety of physical, chemical, and biological properties including the behavior of the component during the separation process itself. Although certain one-dimensional and twodimensional fractionation procedures can approach very high resolution (1-4), many chemical experiments require mediumto large-scale fractionations and relatively high yields of products which cannot be attained by single procedures. For example, fractionation of complex mixtures of peptides is the central problem in the determination of the amino-acid sequences of proteins. This problem is usually attacked by applying a series of different procedures such as gel filtration, ion-exchange chromatography, and paper electrophoresis (see, for example, ref. 5 ). Three to ten steps are usually required, and therefore manual methods are often discouragingly tedious. The difficulty could be lessened by development of either a "perfect" one-dimensional method or of techniques that automatically link a number of powerful chromatographic procedures in series.
In this report, we describe a general approach to the automatic fractionation of complex mixtures. We have devised a system of automated multidimensional chromatography in which mixtures obtained from each stage of a fractionation scheme are successively fractionated in a cascade. The entire system is operated by a digital computer programmed for on-line decision making and closed loop control. Although this system has been used mainly for the fractionation of peptides, it can be applied to a great variety of chemical problems.
EXPERIMENTAL PROCEDURES
We define a dimension as a single physical method of fractionation and restrict our discussion to separation methods 1444 utilizing column chromatography. Separations using a single dimension are usually carried out as shown in Fig. 1 (top) . The sample mixture is applied, the column is eluted, the effluent is monitored for the presence of components of interest, and fractions are collected. Cascade chromatography* is the sequential use of several separation stages arranged so that fractions obtained in any one stage are applied to the next stage for further separation (Fig. 1,  center) . We define a fraction as that portion of a column effluent represented by a distinct peak in the elution profile, which contains either a single component or a mixture. We consider a cascade to be parallel if fractions, as they are eluted from one dimension, are applied directly to each column in the next stage. In an ideal parallel cascade, this process would be continued until each fraction contained a pure component.
There is a practical limit on the number of stages that can be attained in a parallel cascade, primarily because the number of columns required increases exponentially. If an average of F fractions is obtained in each stage, the number of columns required for stage n alone is Fn-l, and the total number of columnsrequiredis FP -1, i = 1,2. .. ,n. ForF _ 3, 27 columns would be required for stage 4 alone, and a total of 40 columns would be required for the complete four-stage cascade. This problem can be circumvented by storing each fraction separately in a collector at a certain stage and then sampling from the collector to load a small number of columns several times in succession to complete each stage. We define this procedure as a serial cascade (Fig. 1, center) . This scheme takes more time but requires fewer columns than the equivalent parallel cascade and, as discussed, later, can be used in a conditional manner so that only some fractions in a stage are carried to higher stages (conditional chromatography, Fig. 1 ). Experimental Procedures for definitions of subscripts and superscripts); A*, on-line analysis of column effluent for components of interest; C, fraction collector; S, sampler to remove fractions from a collector; ASI, automatic sample injector. a given set of dimensions is used may also have an effect on the results of the fractionation. For example, a gel-filtration dimension followed by an ion-exchange dimension has the advantage of fractionating components according to size before ion exchange, which in certain instances may avoid unfavorable interactions among components. Two successive stages using ion exchange may not be practical because the buffers for the first dimension may not be compatible with the requirements of the second ion-exchange dimension. Often this problem can be circumvented by introducing a desalting stage between the two ion-exchange dimensions. Because the number of stages that can be attained so far is quite limited, practical cascade chromatography depends on relatively high efficiencies for each stage and on the use of at least two dimensions to separate different components.
We have constructed apparatus for testing and carrying out cascade chromatography automatically. The apparatus consists of a completely automated fractionation module and a control system utilizing a digital computer (Fig. 2) . The fractionation module contains the hardware necessary for doing column chromatography under a variety of conditions. Included are glass columns with minimum dead volumes, positive displacement metering pumps to provide reliable control of flow rate, three-way, four-way, and six-position valves to direct the liquid flow, collectors to hold the separated fractions, and a sampler to remove fractions from the collectors for automatic processing. The fittings used for connecting these components are interchangeable, and the module. is constructed so that many different fractionation schemes can be implemented rapidly with a minimum amount of rebuilding. A spectrophotometer equipped with flow cells and an automatic sample changer are used for monitoring column effluents by a system of time-division multiplexing. The control system (Fig. 2 , bottom) uses a small, general-purpose digital computer (PDP-12, Digital Equipment Corp., Maynard, Mass.) for data acquisition, decision-making, and display. Appropriate interfaces connect each component of the fractionation module to the computer control system so that completely automatic operatioR can be achieved through the computer program.
A cascade fractionation is begun by specifying the overall plan of the fractionation to the program, after which the operating system runs the fractionation without further intervention by the experimenter. Decisions are based on the effluent profiles obtained and the scheme selected. Facilities are included for on-line display of the progress of the fractionation, and a running history is stored on a logging tape. On-line modification of the operation of the system can be made by the experimenter through a keyboard monitor.
The following nomenclature will be used to simplify description of the operation of the automatic cascade fractionator. Each different dimension will be denoted by a capital letter to indicate the principle on which the separation is based. We will use G for gel filtration, E for ion-exchange chromatography on DEAE-cellulose, and S for ion-exchange chromatog- 
RESULTS
The control algorithm for deciding when to start and stop collecting each fraction of the column effluent is critical to practical cascade chromatography. At the start of each fraction, the effluent must be switched directly to the next dimension (parallel cascade) or into a collector for later processing (serial cascade). These decisions obviously must be made in real time while material is being eluted from the columns. The difficulty lies in the fact that the first time a fractionation is attempted, the complete elution profile is unknown, and data are available only up to the time at which the decision must be made (8) . The The remaining threshold parameters and the operation of the algorithm can be best understood by comparing a sample effluent profile (Fig. 3) with the criteria shown in Table 1 For simple peaks (I, Fig. 3 ), collection of a fraction is started when the concentration is increasing at an increasing rate and the present concentration (yp) is above a threshold value, Y1 (Table 1) . Collection is stopped when the concentration falls below a second threshold value, Y2. Criteria for more complex peak shapes (partially resolved simple peaks (IV, V, Fig. 3 ) and peaks with leading (III) or trailing (VI) shoulders) are also given in Table 1 .
The same decision-making algorithm can be used for several different purposes simply by changing the values of the thresh- old parameters. In the first stage of a parallel cascade, for example, it is better to minimize the number of fractions so that a limited number of second-stage columns can be used more efficiently. One way in which this can be accomplished is by using a relatively large value of lmin. If the fractions are being delivered to a collector, rather than directly onto another column, it is often better to collect the maximum number of fractions, because they can be recombined later if necessary after the complete effluent profile is known. We have tested this system on complex mixtures of peptides. One fractionation scheme we have found useful is an arrangement (Fig. 2) of the fractionation module which permits a parallel two-stage cascade to be followed by a serial third stage. The first-stage dimension (Di) was gel filtration on Sephadex, the second-stage dimensions (Dl, D2, and D3)
were ion-exchange chromatography on DEAE-cellulose, and the third-stage dimension (D3) was ion-exchange chromatography on a sulfonated polystyrene resin. Gel filtration in the first stage is advantageous because the wide range of eluents which can be used allows direct coupling to many second-stage dimensions. In this experiment, for example, gel filtration was carried out in the same buffer with which the DEAE-cellulose columns were equilibrated. Also, gel filtration of many peptide mixtures yields a relatively small number of fractions so that a parallel cascade can be achieved with only a few second-stage columns. The difference in optimum elution conditions for the second-stage DEAE-cellulose dimension and the third-stage sulfonated polystyrene resins required an intermediate desalting step, which was conveniently carried out in a serial fashion. Each fraction in turn was withdrawn from a collector by the automatic sampler and applied to the desalting column (ds, Fig. 2 ) equilibrated with the initial buffer for the third-stage (Table 1 ). The magnitudes of the threshold parameters (see Table 1 ) have been exaggerated. dimension. The major fraction from the desalting column was loaded directly on the third-stage dimension.
The results of one experiment using this fractionation scheme are shown in Fig. 4 . A subtilisin digest of human immunoglobulin G (W. E. Gall and G. M. Edelman, unpublished experiments) was used to test the fractionation algorithm and the system. An aliquot of the digest was separated on a first-stage column of Sephadex G-50 yielding the effluent profile G' (Fig. 4) . Each of the first three fractions obtained [GI(l), GI(2), and GI(3)] was automatically loaded directly on columns of DEAE-cellulose in a parallel cascade and yielded the effluent profiles GI(l)E', Gl(2)E ; and Gl(3)E2 (Fig. 4) . The fourth fraction was collected for later serial fractionation [GI(4)E , Fig. 41 . Fractions collected from one second-stage dimension (GI(3)E3) were then automatically carried to a third stage in a serial cascade. Some of the effluent profiles are shown in Fig. 4 .
As a control experiment, equal aliquots of the initial digest were fractionated in a single stage using both DEAE-cellulose (El, Fig. 4 ) and sulfonated polystyrene (SI, Fig. 4 ) under conditions identical with those used for stages 2 and 3, respectively. Each of these control separations yielded eight fractions. Only four fractions were obtained from the first stage of the cascade, but 17 fractions were obtained at the end of the second stage. The third-stage fractionation of four of these fractions yielded an additional 20 fractions. Although some components of the digest may be present in more than one fraction, it is clear from the profiles shown in Fig. 4 The automatic cascade fractionator decreases the amount of time and labor required for this type of fractionation. Although no particular effort has yet been made to maximize the rate at which these automatic fractionations can be carried out, the two-stage parallel cascade shown in Fig. 4 was completed without further attention 29 hr after the initial dimension was loaded. Because the third stage was serial, however, it required a total of 34 hr to complete the four columns shown. To carry out the same fractionation manually would take a single person's full attention for about a week.
DISCUSSION
In the past, the major explicit emphasis in chromatography has been on the improvement of particular methods and on the development of suitable theories for these methods (1) . Less has been done to systematize the sequence of procedures actually used for chemical fractionation. The development of fractionation automata of the kind described here provides a means of systematically exploring and collecting data for various complex serial fractionation schemes. An obvious extension of the present system would be its use to explore fractionation strategies on a pilot scale by successively repeating a scheme with small variations under human or computer control (see Fig. 1 ) in a system of evolutionary optimization (9) . Further extensions of this strategy would allow completely automatic purification of any or all of the components in a complex mixture. Once a scheme has proven successful, the details can be stored by the computer for use in repetitions of the fractionation with minimal need for on-line control. Thus cascade chromatography can be used in small scale as well as I very large scale fractionations.
Cascade chromatography mimics the manual fractionation procedures used by biochemists, but with savings in time and elimination of tedium. Experience with closed-loop fractionation under computer control is limited (10), but present preliminary studies on cascade fractionation suggest that it has numerous advantages over manual procedures. All the data on a particular sample are known and stored, including the path through the fractionation, the parameters proportional to mass, the number of fractions obtained, and the individual peak shapes. Errors may be detected and corrected during individual steps in the fractionation. Time-consuming intermediate steps (such as lyophilization) can often be avoided. Several dimensions can be analyzed simultaneously, and there is great flexibility in altering a fractionation scheme without stopping to build new apparatus. Any separation procedures that can be loaded automatically and that allow elution can be coupled in the system. One particularly useful application of the present system is to incorporate automatic analytical determinations such as estimation of molecular weights (10) and binding constants (11) by gel filtration or estimation of enzymatic activity into a fractionation scheme. The results of these and similar automated analyses are at present employed as the conditions in a specifically designed fractionation scheme (conditional chromatography, see Fig. 1 ).
There are at present a number of practical limits on automatic cascade chromatography. These include the number of columns required for an unconditional parallel cascade of high order, possible material losses at each stage, the volume increase per stage leading to progressive dilution of the components, and the incompatibility in solvent compositions that may occur in going from one dimension to another. Although a completely parallel cascade is not feasible beyond a limited number of stages, a combination of parallel and serial stages using a collector as a storage register permits a wide variety of fractionation schemes to be realized. Preliminary experiments indicate that the dilution problem can be solved by the introduction of a concentration step between stages or by judicious selection of the order of the dimensions. Solvent composition can be changed by placing intermediate desalting columns between stages. Material losses for each component can be estimated at the end of the cascade and suitable alterations in the procedure may be introduced on a second pass through the fractionation. Care must be taken to avoid artifacts in the spectrophotometric analysis, inasmuch as the major on-line decisions are based on the absorbance readings. Because of the sequential nature of the process, particular care must be taken to detect errors early in the cascade before they are propagated in succeeding stages.
Cascade fractionation is being used routinely in our laboratory to fractionate complex mixtures of peptides. It is clear, however, that this approach has a number of other applications. Several of the procedures described here may be applicable to chemical kinetics and process control (12) . Because of the availability of small, general-purpose computers and computer-linked process controllers, one can monitor and rapidly develop complex fractionation procedures and alter them in a flexible way in an experimental context. This work was supported in part by grant GB8371 from the NSF and grants AI09273 and AM04256 from the USPHS.
